Introduction {#sec1-1}
============

There is a large body of evidence suggesting that aging, in parallel with muscle disuse, negatively affects neuromuscular system functioning\[[@ref1],[@ref2]\] and reduces work capabilities\[[@ref3]\]. There is further evidence suggesting that aging is associated with the loss of muscle fibers and motor neurons, atrophy of muscle fibers, predominantly fast twitch, yielding a lower overall muscle mass, slower contraction time (Tc), and decreased muscle power\[[@ref4]-[@ref6]\]. However, those adaptations are not distributed symmetrically among muscle groups\[[@ref5],[@ref6]\] It seems that aging, in combination with physical inactivity, predominantly affects (but not exclusively) fast twitch muscle fibers and at higher rates those located in postural compared to non-postural muscles\[[@ref7]-[@ref9]\]. Age-related increases in Tc were observed in older non-athletes and in master athletes, where power master athletes maintain shorter Tc with age\[[@ref6]\], suggesting the importance of high-intensity exercise for maintaining shorter Tc.

Different resistance training (RT) strategies are commonly prescribed as a viable tool to counter age-related degenerative changes in muscle mass, function, and the ability to generate force\[[@ref3],[@ref10],[@ref11]\]. RT protocols are generally implemented based on the recommendations prescribed by the American College of Sports Medicine\[[@ref10]\]. The underlying, widely-accepted assumption is that traditional RT exercise would translate into greater muscle power output and consequently a lower frailty rate in the elderly\[[@ref3],[@ref5]\]. However, there has been a growing debate in the literature regarding the efficiency of traditional RT exercise in preventing age-related atrophy and muscle fiber loss. For example, Aagaard et al.\[[@ref3]\] reported that long term RT (from 3 to 5 months) can generate a 5-12% gain in muscle mass and volume in the elderly, while findings on the loss of muscle fiber count remain inconclusive. In a recent systematic review, Lopez et al.\[[@ref11]\] suggested that even one well-structured and supervised weekly training session can assist in reducing the risk of falling and frailty in frail seniors due to increased muscle strength, muscle power, and functional capacities, while, conversely, two weekly sessions, held for 12 consecutive weeks, were not enough to induce these changes in non-frail seniors\[[@ref12]\]. In a narrative literature review, Fischer et al.\[[@ref13]\] concluded that \>2 weekly RT sessions are needed to increase muscle mass, but fail to enhance muscle power development, when performing slow and controlled movements during RT exercise in seniors\[[@ref14]\]. Furthermore, Steib et al.\[[@ref15]\] provided evidence that high intensity RT exercise in seniors exhibits dose-dependent effects on muscle strength and power and functional outcomes, with high-intensity power trainings being more effective compared to moderate and low-intensity RT. Improvements after 10 weeks of high-velocity RT exercise were translated into greater improvements in functional and power tests (by 24-47%), but not in strength tests\[[@ref16]\]. Importantly, improvements in power and functional status are far more beneficial for fall prevention\[[@ref17]\]. Plyometric training (PT) is a type of high-velocity power training that has been extensively studied in athletes and younger populations. Marković and Mikulić\[[@ref18]\] summarized the effects of PT in: (a) the positive adaptation of increased neural drive to the agonist muscles; (b) enhancement in muscle activation patterns; (c) adjustments in the mechanical characteristics of the muscle-tendon complex of plantar flexors; (d) changes in muscle size and structure; and (e) optimization in single-fiber kinetics. A recent meta-analysis showed moderate benefits of jump training (with overall effect size= 0.66 for \>25 jumps per session) for to increase explosive power in seniors throughout all their muscle groups\[[@ref19]\].

Likewise, Hoffrén-Mikkola et al.\[[@ref20]\] established that hopping training in the elderly leads to an increase in the height of vertical jumps and capacity for rapid force production, primarily due to an increase in gastrocnemii muscle stiffness. However, there are no other studies reporting modifications of skeletal muscles' contractile properties after PT in older populations. Recently, Zubac and Šimunič\[[@ref21]\] demonstrated the use of Tensiomyography (TMG) for assessing the Tc of five different muscles after 8 weeks of PT in a young population and showed significant countermovement jump (CMJ) height improvements (∆12.2%; ɳ^2^=.498) whilst Tc, recorded in four (out of five) lower-limb muscles, significantly decreased (ranging from ∆8.7% to 32.9%). Importantly, the same authors demonstrated that pooled decrease in skeletal muscle Tc explained \~30% of CMJ height improvements. Since TMG Tc was found to be related to the proportion of myosin heavy chain type I (MHC-I) in vastus lateralis (VL)\[[@ref22]\], they also reported an 8.2% decline in estimated MHC-I after 8 weeks of PT. Furthermore, due to a problematic and unreliable assessment of skeletal muscle electro-mechanical efficiency (EME)\[[@ref23]-[@ref25]\] the TMG amplitude (Dm) was recently integrated as a denominator to M-wave peak-to-peak amplitude (M~PTP~)\[[@ref26]\]. However, this approach has never been applied in an experimental procedure thus far.

Therefore, this study aimed to examine the effects of 8 weeks of supervised PT on jumping performance, contractile capacity, and inflammatory response in seniors. Additionally, the applicability of the newly proposed EME index following supervised PT was explored\[[@ref26]\]. We hypothesized that the PT would be instrumental to an increase in vertical jump ability and a decrease in muscle contractile properties (Tc, Dm) in PLYO compared to controls. More specifically, the EME index would be greater in PLYO compared to controls following the introduction of PT.

Materials and methods {#sec1-2}
=====================

Participants {#sec2-1}
------------

Twenty-three participants completed all tests and study procedures. They were recruited from the Primorska region of Slovenia on a voluntary basis via presentations at Daily Activity Centers, on social media, and in local newspapers. Medical histories and a Physical Activity Readiness Questionnaire (PAR-Q) were administered prior to any data collection. The inclusion criteria were: age \>65 years, body mass index \<30 kg/m^2^, physical activity in supervised conditions 2-3 times per week, and having their doctor's permission. The exclusion criteria were: any cardiovascular disease or electrocardiography (ECG) examination abnormalities, previous history of musculoskeletal and neurological disorder/injury, hormonal therapy that might interfere with training outcomes, regular alcohol consumption, and smoking. All participants were fully informed of the procedures and risks involved before written consent was obtained. The study protocol was reviewed and approved by the Republic of Slovenia National Medical Ethics Committee (approval number: 0120-447/2017/4). All procedures used conformed to the Declaration of Helsinki.

Study design {#sec2-2}
------------

Participants were randomized into a plyometric group (PLYO, N=16) or control group (CTRL, N=15) via blinded lottery drawing. Six participants dropped from the study due to reasons unrelated to the experimental protocols; this included one participant who was afraid of injury, and another participant who was excluded due to methodological issues (loss of data). A general overview of the study procedures is displayed in \[[Flowchart 1](#F1){ref-type="fig"}\] ([Supplementary file](#F2){ref-type="fig"}). Data was collected on three separate occasions, including a familiarization trial, baseline, and final assessments. During familiarization, participants' body height and mass were determined using a digital scale (Seca 769, Hamburg, Germany). Participants were then familiarized with laboratory equipment and testing procedures (i.e., vertical jump performance, TMG and EME measurements, warm-up and CMJ). All individuals participated in one session of jump familiarization a week before the baseline assessment in order to avoid any learning effects.

![Study flow diagram.](JMNI-19-038-g001){#F1}

![Supplementary file.](JMNI-19-038-g002){#F2}

During baseline and final data collection all participants reported to our laboratory at 08:00 a.m. for all experimental procedures following an overnight fast. All participants were asked to withdraw from vigorous physical activity two days prior to baseline assessment. Venous blood samples were taken after the participants were rested in a supine position for 15 minutes to examine their inflammatory response. After blood sampling, participants had a light breakfast and continued with other testing procedures (4 participants per hour). All assessments were performed in a closed and ventilated facility, with a temperature range of 20-22°C during the morning. Lastly, all testing procedures were conducted at the same facility, by the same researchers, using the same equipment at a similar time of the day (between 07:00-09:30 a.m.) throughout the investigation.

Plyometric training {#sec2-3}
-------------------

All participants engaged in supervised physical training for 60 minutes, three times weekly. Plyometric training was introduced in a structured linear periodization model for nine consecutive weeks as originally proposed by Marković & Mikulić\[[@ref18]\] (and later applied in a healthy younger population[@ref21]). During the first 30 minutes all participants engaged in a 15-minute structured warm-up (jogging, dynamic stretching) followed by 15 minutes of various drills. Afterwards, PLYO continued with 5 minutes of warm-up jumps and 20-30 minutes of PT, while CTRL continued with 30 minutes of their habitual physical exercise, including non-weight bearing exercises (gymnastics, balance and coordination movements) and active stretching. PLYO were instructed and encouraged to jump (bounce, hop) vertically to a maximum jumping height and with minimum ground contact time. Between the two sets of exercises, subjects rested for 2-3 minutes. The number of vertical jumps was progressively increased. All subjects completed at least 80% of the planned sessions. All training sessions were supervised by an experienced kinesiologist and performed indoors, in a gym. PT included one-week rest (e.g., deloading week) after the fourth week of training ([Table 1](#T1){ref-type="table"}). Self-reported rate of perceived effort (RPE) scales were administered following each PT session.

###### 

Sets of x repetitions of plyometric exercise (bilateral consecutive vertical jumps) by week of study.

  Week 0:    Baseline assessment
  ---------- ---------------------
  Week 1:    5x10 jumps
  Week 2:    5x10 jumps
  Week 3:    6x10 jumps
  Week 4:    6x10 jumps
  Week 5:    Deloading
  Week 6:    7x10 jumps
  Week 7:    7x10 jumps
  Week 8:    8x10 jumps
  Week 9:    8x10 jumps
  Week 10:   Final assessment

Blood sampling and muscle inflammatory response {#sec2-4}
-----------------------------------------------

Blood samples of 3 ml were drawn from the antecubital vein before and after the 8 weeks of supervised PT. After collection, the samples were taken to the Izola General Hospital laboratory. Samples were centrifuged at room temperature at 3400 rpm for 10 minutes, and at 3880 rpm for 10 minutes. Biochemical markers of muscle damage (lactate dehydrogenases; LDH) and inflammation (C-reactive protein; CRP) were determined via previously standardized procedures established by the International Federation of Clinical Chemistry (IFCC) method (L→P) at 37°C and the immunoturbidimetric method (Beckman Coulter AU 680), respectively. Internal quality control of measurements showed very good reliability (CV=2.99% and 1.55% for serum LDH and CRP, respectively).

Tensiomyography {#sec2-5}
---------------

Tensiomyography was used to detect muscle belly enlargement in a transversal plane during an isometric twitch contraction\[[@ref27]\] by using digital high-precision displacement sensor (digital--optical comparator, TMG-BMC Ltd, Slovenia) that was pressed by a spring (.2 N/cm^2^) on the muscle belly during the measurement to assure a high signal-to-noise ratio and high reliability\[[@ref31]\]. The sensor was positioned perpendicular to the tangential plane on the skin above the muscle belly. The measuring point for muscle was determined on the basis of previous TMG studies\[[@ref22],[@ref27]-[@ref29]\] in VL, BF, GM, gastrocnemius lateralis (GL), and tibialis anterior (TA). All measurements were performed isometrically in relaxed pre-defined positions: for VL, in a supine position with the knee angle set at 30° flexion (where 0° represents the fully extended joint); for BF in a prone position with the knee angle set at 5° flexion; for TA supine with the ankle in a neutral position; and for GM and GL in a prone position with the ankle in a neutral position. Foam pads were used to support the joints. When necessary, the measuring point and electrode positions were adjusted to obtain maximal Dm of the muscle belly. Using an electrical stimulator (TMG-S2, TMG-BMC, Slovenia), a 1 ms rectangular (twitch) impulse was applied through stimulation electrodes that were positioned 5 cm distally (cathode) from and 5 cm proximally (anode) to the measuring point. Initially, the electrical current amplitude was set just above the threshold and was then gradually increased until the Dm readings stabilized. From two maximal twitch responses, the muscle contractile properties were calculated and an average was used for further analysis. All TMG-derived contractile parameters were extensively analyzed for their reliability. Indeed, Tc and Dm were found to be highly reliable with 95% ICC ranging \>0.90, for all five lower-limb muscles.

From TMG response a MHC-1 proportion was estimated using a multiple linear regression model as proposed by Šimunič et al.\[[@ref22]\] for VL muscle only:

[Equation 1]{.ul}

![](JMNI-19-038-g003.jpg)

where MHC-1 represents a myosin heavy-chain type I proportion, Td TMG derived delay time, Tc TMG derived contraction time, and Tr TMG derived half-relaxation time.

Electro-mechanical efficiency {#sec2-6}
-----------------------------

This stimulation protocol was implemented in accordance with the recent investigation of Paravlić et al.\[[@ref26]\], who suggested a high reproducibility for the M~PTP~ and Dm following evoked twitch contractions. More precisely, the Dm and M~PTP~ of GM were elicited using a maximal electrical impulse applied to the posterior tibial nerve through an electrical stimulator (TMG-S2, TMG-BMC, Slovenia). Accordingly, both the TMG and electromyography (EMG) sensors were positioned "one handbreadth below the popliteal crease on the medial mass of the calf." The EMG recording electrodes (Ambu BlueSensor N, Ballerup, Denmark) were placed on the belly of the dominant leg GM muscle in a proximal-distal position towards the tip of the calcaneus bone based on previous recommendations of Delagi et al.\[[@ref30]\], while the reference electrode was placed on the lateral malleolus of the ipsilateral leg. The maximal stimulation amplitude (monophasic pulse of 1 ms duration) through two square (50×50 mm) 2 mm thick reusable rubber-based self-adhesive stimulating electrodes (Dura-Stick Plus, Hanover, Germany) were positioned in the popliteal fossa, in a proximal-distal direction. The cathode was placed proximally while the anode was placed distally with \~4 mm of inter-electrode distance. Regular plantar flexion during stimulus was assessed visually so as to avoid peroneal nerve stimulation\[[@ref31]\]. The maximal stimulation amplitude was achieved gradually by increasing the amplitude of electrical impulse from the threshold by \~30 mA to the maximal stimulator output (110 mA) just to be sure of achieving the highest amplitudes of both Dm and M~PTP~. Accordingly, the nerve was stimulated 2 times at a maximum intensity of 110 mA, where both the TMG and M-wave responses were recorded and saved for further analysis. Before the maximum stimulus was achieved, each subject received about the same number of stimuli. To minimize the effects of fatigue and potentiation, rest periods of a minimum of 10 seconds were given between each stimulus. Each measurement assessment lasted \~10 min. The EME of the GM was calculated as a ratio between Dm and M~PTP~ (in mm/mV)\[[@ref26]\]. A very high intra-assay reliability of the M~PTP~ and Dm amplitude was confirmed, with ICC readings ranging from 0.88 to .92 for M~PTP~ and Dm, respectively.

Vertical jump tests {#sec2-7}
-------------------

CMJ performance was evaluated after the standardized warm-up involving a 5-minute step test, five minutes of whole-body dynamic stretching, and five minutes of jumping drills. CMJ performance was assessed using a force plate (HE600X600, AMTI, Watertown, MA, USA). Subjects performed 2-3 warm-up CMJs, followed by 3 maximal CMJs, where the CMJ with the highest jump was taken for further analysis. Between each trial there was a break of 60 seconds so as to avoid fatigue. Arms were kept akimbo. Jumping height was calculated from force impulse as previously reported in younger adults\[[@ref27]\].

Statistics {#sec2-8}
----------

Preliminary sample sizes were estimated using GPower software (version 3.1.5) and the following factors: for repeated measures within/between interactions ANOVA, effect size to be detected was .20 (calculated directly from pooled partial eta squared readings, previously documented in young adults\[[@ref21]). The alpha was set at .05, research power at .80; correlation among repeated measures .40. The resulting target sample size was 12 participants per group, initially to be recruited in the study. Unfortunately, in the PYLO group the target sample size was missed by one participant. Normality was confirmed using the Shapiro-Wilk test, with additional Q-Q plot visual inspection. Students' independent t-test was applied to establish differences between participants in dependent variables of interest (i.e. age, body mass, body height, BMI). The main effects were analyzed using a mixed general linear model (GLM), taking into account the groups (CTRL, PLYO) and time (baseline and final assessment) as factors. After determining the interaction effect, secondary analysis was used to determine the time effect in both groups. Additionally, the degree of the effect was determined for dependent variables by using partial-eta squared (ɳ^2^) readings. Partial-eta squared readings of .02, .13, and .33 were rated as small, moderate and high differences, respectively\[[@ref32]\]. The homogeneity of the variance was evaluated using Levene's test, while Mauchly's test was used to confirm compound symmetry. The analysis of covariance (ANCOVA) with baseline measurements entered as covariate was used for unmatched mean readings at the baseline. For non-parametric data, a Friedman-ANOVA test was applied, followed by a Sign-test separately for each scale. Linear regression analysis was performed after the calculation of the Pearson correlation and linearity test. SPSS 19.0 (IBM, Chicago, IL, USA) software was used for all calculations. All data are presented with mean ± standard deviation and 95% confidence intervals when appropriate. Statistical significance was accepted at p-values \<.050 for the main effects and \<.10 for the interaction effect.

Results {#sec1-3}
=======

Distribution normality, variance homogeneity, and sphericity assumptions were not violated in any of the dependent variables (p\>.050). The PAR-Q questionnaire outlined 3 participants with several positive answers who were subsequently removed from the study. Later, seven dropped out due to various personal reasons unrelated to the study design, while data were lost for one participant, leaving 23 participants who successfully completed all study procedures. Following randomization, the two groups did not differ significantly in any of the anthropometric measures at baseline assessment nor at final assessment ([Table 2](#T2){ref-type="table"}). Participants allocated into the PLYO group completed an average of 21±3 of a total of 24 PT sessions.

###### 

Anthropometric characteristics of the participants.

                              All           Control group   Experimental group   P~group~
  --------------------------- ------------- --------------- -------------------- ----------
  N (% men)                   23 (35%)      12 (33%)        11 (36%)             \-
  Age / years)                66.8 ± 5.1    67.2 ± 5.8      66.3 ± 4.5           .623
  Body height / m             1.68 ± .08    1.67 ± .99      1.68 ± .06           .861
  Body mass / kg              74.3 ± 13.4   74.6 ± 13.8     73.8 ± 14.2          .855
  Body mass index / kg/m^2^   26.3 ± 3.8    26.5 ± 3.6      25.9 ± 4.1           .735

RPE scale {#sec2-9}
---------

The PLYO group reported a decrease in RPE throughout the study, specifically after the third week of PT ([Figure 1](#F3){ref-type="fig"}). The overall mean value of the RPE throughout the whole study duration was 9±2 (out of 19).

![Changes in the Borg's self-perceived exertion scale throughout the 8-weeks of plyometric training (PT). *\* Significant time effect; indicates the first time-point which is different from the baseline (p\<.05). § Significant time effect; indicates the first time-point different from the first (\*) (p\<.05)*.](JMNI-19-038-g004){#F3}

CMJ performance {#sec2-10}
---------------

The main effect of time was found (p=.019, ɳ^2^=.233), while a significant interaction effect (time x group) was also observed for CMJ height (p=.057; ɳ^2^=.162). A Bonferroni post hoc revealed a 14.2% (.001) increment in CMJ for PLYO group exclusively. Likewise, a time effect was observed for V~v~, which increased in PLYO by 8.2% (p=.023; ɳ^2^=.233). Unlike the CMJ height improvement, there was none for the relative CMJ power (time x group: p=.916) ([Table 3](#T3){ref-type="table"}).

###### 

Baseline and final data on countermovement jump (CMJ) performance, gastrocnemius (Ga.) medialis electro-mechanical efficiency (EME), tensiomyographic (TMG) assessment and inflammatory response of both groups.

                                               Control group   Plyometric group   p-level                                                                                                     
  -------------------------------------------- --------------- ------------------ ---------- ---------- -------------------------------------- ------ --------------------------------------- -------
  *CMJ*                                                                                                                                                                                       
  Height (cm)                                  10.2±2.4        10.2±3.2           10.5±4.5   11.7±4.5   .019[\*](#t3f1){ref-type="table-fn"}   .524   .057^[†](#t3f2){ref-type="table-fn"}^   .236
  Relative power (W/kg)                        35.7±5.9        36.4±6.8           34.7±9.1   38.4±8.1   .187                                   .926   .916                                    \-\--
  Vertical velocity (m/s)                      1.38±0.2        1.39±.2            1.38±.3    1.48±.3    .023[\*](#t3f1){ref-type="table-fn"}   .645   .174                                    .233
  *EME (posterior tibial nerve stimulation)*                                                                                                                                                  
  M~PTP~/mV                                    6.8±3.7         6.2±2.3            6.4±2.8    4.9±2.6    .071                                   .843   .458                                    \-\--
  Ga. medialis (Dm/mm)                         8.4±2.8         6.7±2.0            6.9±2.7    6.7±1.6    .076                                   .278   .094^[†](#t3f2){ref-type="table-fn"}^   .133
  Ga. medialis EME (mV/mm)                     1.4±.5          1.2±.4             1.35±.9    1.7±.9     .461                                   .521   .095^[†](#t3f2){ref-type="table-fn"}^   .136
  *TMG data*                                                                                                                                                                                  
  Biceps femoris Tc (ms)                       42.0±7.8        44.1±7.2           42.3±10    38.9±11    .606                                   .503   .028^[†](#t3f2){ref-type="table-fn"}^   .210
  Biceps femoris Dm (mm)                       5.9±2.6         6.0±2.6            6.5±2.8    4.8±1.9    .036[\*](#t3f1){ref-type="table-fn"}   .769   .031^[†](#t3f2){ref-type="table-fn"}^   .204
  Ga. lateralis Tc (ms)                        25.2±2.8        24.3±2.9           34.2±12    30.1±11    \-                                     .858   \-                                      \-\--
  Ga. lateralis Dm (mm)                        4.2±1.3         4.1±1.6            4.8±1.1    4.2±1.5    .268                                   .533   .324                                    \-\--
  Ga. medialis Tc (ms)                         29.9±5.0        30.3±4.4           31.7±7.0   27.6±4.8   .125                                   .823   .075^[†](#t3f2){ref-type="table-fn"}^   .240
  Ga. medialis Dm (mm)                         3.9±1.6         4.1±1.6            4.1±1.8    4.2±1.6    .783                                   .837   .884                                    \--
  Tibialis anterior Tc (ms)                    22.1±8.5        22.7±6.7           23.8±2.9   20.9±2.6   .569                                   .360   .999                                    \--
  Tibialis anterior Dm (mm)                    2.8±1.4         2.8±1.5            2.5±1.0    2.8±.8     .439                                   .726   .623                                    \--
  Vastus lateralis Tc (ms)                     25.0±4.1        23.4±2.3           22.9±3.6   23.0±2.0   .301                                   .233   .307                                    \--
  Vastus lateralis Dm (mm)                     5.4±1.8         5.1±1.6            4.0±1.5    4.1±1.4    .690                                   .064   .411                                    \--
  Estimated MHC-I (%)                          30.8±17         26.6±12            24.5±14    23.4±8.8   .374                                   .345   .579                                    \--
  *Inflammatory markers*                                                                                                                                                                      
  CRP (mg/L-1)                                 1.6±1.1         1.2±0.6            2.3±1.7    3.2±2.1    .671                                   .063   .122                                    \--
  LDH (µkat/L-1)                               2.5±1.5         1.3±1.5            2.9±.4     2.6±.9     .026[\*](#t3f1){ref-type="table-fn"}   .050   .173                                    \--

*M~PTP~ -- M-wave peak-to-peak amplitude; Tc -- Contraction time; Dm -- Maximal radial displacement amplitude; MHC-I -- Myosin heavy chain I proportion; CRP -- C-reactive protein; LDH -- Lactate dehydrogenase;* ɳ*^2^- partial eta squared;*

Significant time effect (p\<.05);

Significant interaction effect (p\<.10).

GM muscle EME index {#sec2-11}
-------------------

The results showed a tendency toward a time x group interaction in the GM EME index (time x group: *p*=.095; ɳ^2^=.133), where EME increased by 22.9% (p=.002) only in PLYO. Due to different measurement setups of EME assessment (posterior tibial nerve stimulation) we performed a separate GM Dm analysis where we found an interaction effect (time x group: *p*=.094; ɳ^2^=.136). A Bonferroni post hoc revealed a lower Dm compared to control (p=0.01). There was no time (*p*=.070) or interaction (*p*=.458) effect observed for M~PTP~ amplitude ([Table 3](#T3){ref-type="table"}).

Inflammatory response {#sec2-12}
---------------------

Data on blood inflammatory markers indicated no significant differences between groups or assessment time points for CRP (time x group: *p*=.122), while the LDH concentration of the CTRL group significantly decreased (time effect: *p*=.026) ([Table 3](#T3){ref-type="table"}). However, this portion of data should be interpreted with caution due to the small number of specimens collected. Six participants were unable to supply a blood sample during baseline data collection (including two from PLYO and four from CTRL) out of the total number of 23 participants.

TMG parameters {#sec2-13}
--------------

In \[[Table 3](#T3){ref-type="table"}\], significant interaction effects (time x group) for Tc of BF (*p*=.028; ɳ^2^=.210) and GM *p*=.075, ɳ^2^=.240) were observed. A Bonferroni post hoc revealed that Tc decreased by --5.7% (p=.001) and --9.6% (.001) in BF and GM in PLYO, respectively. No significant time x group interactions were observed for Tc of other muscles (GL group differences after ANCOVA: *p*=.858; TA time x group: *p*=.360; VL time x group: *p*=.233), nor did the calculated estimation of MHC-1 proportion (Equation 1) change in VL (time x group: *p*=.579). A significant interaction effect (time x group) was observed in BF Dm (*p*=.031; ɳ^2^=.204), where Dm decreased by --20.8% (p=.001) in the PLYO group exclusively.

Regression analysis {#sec2-14}
-------------------

\[[Figure 2](#F4){ref-type="fig"}\] shows how linear regression analysis confirmed an inverse correlation between the relative change in V~v~ and BF Tc (r= --.756; *p*=.007), explaining 57% of common variance in the PYLO group. There were no correlations between change in any Tc data and CMJ height improvements (*p*\>.05).

![Pearson correlation (r) between the relative change in countermovement jump (CMJ) take-off velocity (V~v~) and biceps femoris contraction time (Tc). Solid and dashed lines represent the fitted linear model, with 95% confidence intervals.](JMNI-19-038-g005){#F4}

Discussion {#sec1-4}
==========

This study investigated the effects of an 8-week plyometric training (PT) session on countermovement jump (CMJ) height, take-off velocity, and Tensiomyography (TMG) derived contractile parameters in seniors. We found that an 8-week session of supervised PT in seniors improved CMJ height in the PLYO group exclusively. In parallel, Tc decreased in three lower-limb muscles (from 5.7% to 28.9%), thereby suggesting a muscle-specific (improvements were observed in GL, GM, and BF, but not in VL and TA) response to PT. Although Tc decrease was not correlated to CMJ height improvement, the shorter Tc was negatively correlated to improvement in V~v~. PT was instrumental in greater GM muscle EME. Since we could not confirm Tc decrease in VL, there were also no MHC-I shifts in VL after PT when estimated from TMG parameters (Equation 1).

The magnitude of CMJ height improvement after PT is consistent with previously observed outcomes after the same PT in a young population (∆12%)\[[@ref21]\], and higher than after 12 weeks of explosive resistance exercise in 60-year-old participants (∆8%)\[[@ref33]\]. However, our data on the magnitude of CMJ height improvement are somewhat opposed to the findings of Hoffrén-Mikkola et al.\[[@ref20]\]. Indeed, Hoffrén-Mikkola reported a dramatic increase (∆56%) in CMJ height after 11 weeks of PT in the elderly. The latter investigation by design was predominantly focused on sedentary participants (whereas our participants were physically active 2-3 times per week), and this may well explain the two-fold greater level of muscle power and vertical jump ability improvements in the Hoffrén-Mikkola study compared to the present data. Nevertheless, in terms of absolute, post-intervention CMJ improvements, data were matched between the studies.

Our study was the first to examine adjustments in muscle contractile properties following PT in seniors. A similar pattern of Tc decreases was observed when the present findings were compared to those of younger participants involved in the same PT\[[@ref21]\], with the exception of adaptation of VL muscle. More precisely, the magnitude of change generated by 8 weeks of PT was larger and more dramatic in the younger population (ranging from --8.7%, ɳ^2^=.790 for VL to --32.9%, ɳ^2^=.621 for TA muscle) than that in the present findings ([Table 3](#T3){ref-type="table"}; ranging from --5.7%, ɳ^2^=.210 for BF to --9.6%, ɳ^2^=.240 for GM). Also, in terms of absolute values, Tc was longer in the elderly when compared to younger participants (e.g., in BF: 38.9±10.7 ms vs. 25.3±5.6 ms, respectively); that is in line with the aging study, thereby suggesting a slower rate of muscle contraction in the elderly\[[@ref6]\]. Indeed, our study confirmed the cross-sectional findings of Šimunič et al.\[[@ref6]\], who found an age-related slowing in three leg muscles (GM, VL and BF) irrespective of sport participation, where power master athletes had the shortest Tc, indicating that regular power training diminishes the slowing of skeletal muscles during aging. Our findings were also indirectly confirmed in a recent comparative bed-rest study\[[@ref2]\], where authors reported lower explosive power in the knee extensors in parallel with a slower rate of muscle function recovery (from single fiber to whole body level) in older adults when compared to young adults. To further support this, a cross-sectional study of Thompson et al.\[[@ref34]\] reported that the elderly display a lower level of plantar flexor muscle force and rate of force development (\~30%) when compared to young or middle-aged men, while Rodríguez-Ruiz et al.\[[@ref35]\] observed a lower contraction velocity of the BF in aged adults when compared to younger and middle-aged adults (*p*=.020).

A narrative review of Malisoux et al.36 summarized that jumping performance, among other factors, is improved throughout a greater take-off V~v~, owing to the faster contraction velocity or greater muscle force development. In the present study, the decreases in Tc were observed in BF and GM, where BF Tc improvements were correlated to the improvements of CMJ take-off V~v~. Indeed, the correlation findings depicted in \[[Figure 2](#F4){ref-type="fig"}\] support the aforementioned postulates by displaying the relative changes in BF Tc, explaining a great portion of variation (r^2^= 57%) in CMJ take-off V~v~ improvement of lower-limbs. This finding provides a robust indication that a superior contractile capacity favors greater explosive power output (and especially during the push-off phase, as evident from V~v~ adjustment) of lower-limbs as a result of PT, even in senior adults. There are several underlying mechanisms to explain the muscle-specific Tc findings. Firstly, Wilkerson et al.\[[@ref37]\] found muscle-specific adaptations to PT, primarily due to greater neuromuscular performance improvements, which favor the relative contribution of hamstrings when compared with quadricep muscles in female athletes, and this adds, at least to some extent, to the explanation of muscle-specific adaptations to PT in our study. More importantly, an *in vitro* comparative study of D'Antona et al.\[[@ref38]\] demonstrated profound effects of aging on muscle contractile properties and VL muscle MHC distribution. Indeed, the specific force and maximal shortening velocity of single muscle fiber were slower in aged participants when compared to the young, and, surprisingly, irrespective of their MHC composition. Thus, D'Antona et al.\[[@ref38]\] advocated for muscle plasticity throughout aging and outlined the possibility of contractility modifications via physical (neuromuscular) activity in the elderly, thereby implying the dual nature of regulation pathways for MHC composition and muscle contractile capacity\[[@ref39]\]. However, despite the suggestions of D'Antona et al.\[[@ref38]\], and contrary to our initial hypothesis, after PT no changes in VL (Tc or MHC-I) were observed; however, Tc data indicate that such changes occurred at least in GM and BF muscles. The lack of correlations between Tc decrease and CMJ height improvements contradicts the moderate positive correlations observed among these variables in our previous PT study in younger adults\[[@ref21]\]. This collaborates well with recent biopsy findings of Power et al.\[[@ref9]\], where the authors reported that the preservation of muscle fiber number rather than contractile capacity is likely to enhance the unique athletic performance of master athletes. Taken together, it seems reasonable to assume that the lack of correlation between Tc decrease and CMJ height improvement predominantly mirrors the motor units loss (especially fast motor units loss)\[[@ref3],[@ref40]\], since explosive movements, such as CMJ, require additional recruitment of fast motor units during the take-off phase. To support this, Anderson\[[@ref4]\] defined the period of 60-70 years of age as a critical threshold point, where measurable changes in neuromuscular function occur, as found also in Tc\[[@ref6]\]. Nonetheless, factors other than Tc adjustments generated the CMJ height improvement.

Complementarily to Tc, we have investigated the Dm, an indirect measure of passive muscle stiffness\[[@ref28]\] and muscle atrophy\[[@ref41]\]. The Dm decreased by --20.7% (ɳ^2^=.204) only in BF muscle ([Table 3](#T3){ref-type="table"}). The lower Dm should be interpreted as improved passive muscle tension, since higher Dm was found after a 35-day bed rest\[[@ref28]\] as well as after the first day of a 35-day bed rest\[[@ref41]\], suggesting that the Dm is sensitive to early-atrophic changes that are not evident yet from imaging techniques, which gives Dm a high clinical relevance, especially in older populations, as they atrophy more than their younger counterparts with a much slower rate of recovery\[[@ref2]\]. Our findings in BF could be explained by hypertrophic processes leading towards increased muscle resting tension, higher muscle tone, and increased passive muscle stiffness, which might originate inter alia from shifts in MHC composition\[[@ref20]\]. The Dm decrease could be explained by the fact that BF is a non-postural muscle that had a lower habitual load before the study, especially in older adults. In younger adults PT induced decreased Dm not only in BF, but also in GM and GL, as two muscles with very intense load during PT\[[@ref21]\]. Typically, muscle stiffness, among other characteristics of muscle architecture (e.g., fascicle length and pennation angle), decreases throughout aging\[[@ref42]\]. To support previous claims, a comparative study by Hoffren et al.\[[@ref43]\], looking at muscle architecture changes, revealed that aging results in shorter fascicle length, shorter contractile velocity, and power yielding deterioration in repetitive jump efficiency in the elderly as compared to young people. According to Hoffren et al.\[[@ref43]\], reaction force, and electromyography (EMG these changes were mediated by the diversity in activation patterns between young and elderly adults. Previous papers established that age-specific detrimental adjustments in muscle stiffness are regulated by the central nervous system (CNS), where degenerative changes decrease neural activation and muscle activation in aged populations, primarily due to higher antagonist activation\[[@ref3],[@ref43]\]. To further support this, previous investigations into PT effects in well-trained athletes depicted substantially different muscle architecture adjustments following 5 weeks of sprint/jump training, implying a decrease in the pennation angle in parallel with a fascicle length and thickness increase in VL muscle\[[@ref44]\]. Nonetheless, when compared to the young, seniors in the present study had a markedly lower magnitude of change in terms of absolute and relative Dm values. In brief, it was found that the extent of Dm decrease after the 8-week PT was greater, largely affecting the lower-limb muscles in younger populations (ranging from --14.9%, ɳ^2^=.418 for GM to --31.9%, ɳ^2^=.485 for GL muscle) when compared with seniors (only BF decreased by 20.7%, ɳ^2^=.204). The only study of an older population that investigated stiffness after PT was done by Hoffrén-Mikkola et al.\[[@ref20]\] and reported higher stiffness in GL; however, for the same muscle we did not find changes in Dm. This could be explained via imposed training load during PT, where Hoffrén-Mikkola et al.\[[@ref20]\] used high volume PT training (with \~4200 foot contacts over an 11 week investigation period), while our study was shorter (conducted over a period of 8 weeks) and involved PT with \~2200 foot contacts. Thus, the PT volume may partly explain Dm adjustments, since higher loading magnitude is a prerequisite of muscle stiffness modulation\[[@ref45]\]. Also, it is well-established that a dose-response relationship exists between muscle stiffness improvement and number of jumps performed\[[@ref46]\].

The GM muscle EME efficiency improved by ∆23% (ɳ^2^=.136) in the PLYO group, primarily due to lower Dm in GM after PT, while M~PTP~ was unchanged with a tendency toward decrease in both groups ([Table 3](#T3){ref-type="table"}), as both groups attended organized exercise sessions with the same frequency and duration. Since we could not confirm M~PTP~ change, the increased EME could be interpreted the same way as the Dm decrease. The combination of EMG and mechanical signals provides insight into the electromechanical coupling in skeletal muscle\[[@ref47]\].

There are a few limitations to the present study that must be acknowledged. Peak values of RPE were 11±3 (i.e., fairly light) and this low effort may partially explain the limited and muscle-specific adaptations, since motor unit activation in the elderly appears to be intensity dependent\[[@ref48]\]; however, it is well known that RPE is mainly sensitive to endurance actions. Importantly, RPE was a safety measure we took, since the PT in seniors is not a habitual, daily routine and it involves intense powerful movements. The safety of the senior participants was our primary concern, since we replicated the training load from our previous study designed for young healthy adults, which yielded a significant response in muscle contractile capacity and vertical jump height. In addition, we evaluated biochemical markers of muscle damage and inflammation to provide indirect indices of exercise protocol safety.

In conclusion, this study clearly supports the benefits of 8 weeks of moderate load week PT in enhancing explosive actions, Tc, and Dm with a superior muscle EME index of selected lower-limbs in seniors. Thus, the preset findings advocate for the application of EME index as a viable tool to screen for muscle adaptation(s) following training, since PT was instrumental to a ∆23% improvement in the EME index of the PLYO group. It appears that supervised PT favors the restoration of muscle function throughout aging. However, the adaptation(s) following PT were rather asymmetrical and muscle specific. This bears important implications in terms of quality of life throughout aging, since the present findings may aid in the development of possible countermeasures to attenuate the profound effects of aging on muscle contractile capacity by designing more specific exercise interventions for seniors. Taken together, we recommend the implementation of supervised and moderate load PT in active populations of seniors to attenuate the detrimental effects of aging and to possibly govern the current fall prevention strategies by improving the electromechanical efficiency of lower limb muscles.

Author contributions {#sec2-15}
--------------------

*DZ and BŠ designed all experimental procedures; DZ, AP, BŠ, KK, and FU collected data throughout all experimental procedures; DZ, AP, and BŠ analyzed the data; while KK and FU were responsible for verifying data accuracy. KK was in charge of participant allocation. DZ and BŠ were in charge of paper write-ups, while AP and FU critically revised the manuscript. All authors approved the final version of the manuscript for publication*.

*This work was supported by the Slovenian Research Agency under the projects: "Assessment of blood parameters and extracellular vesicles for optimization of sport results", grant number: 20420-01/15, and "The effect of exercise with variable load on skeletal muscle in older adults: randomized crossover trial", grant number: Z7-9420*.

The authors have no conflict of interest.

Edited by: G. Lyritis
